New developments in lab technologies help us to explore problems that were less understood in the past due to the limitations and technological constraints. One such problem of assessing the formation damage created by the invasion of fracture fluid into the matrix at lab scale is the visualization of fluid saturation distributions inside the matrix. According to the current understanding, the high capillarity contrast between the fracture and the matrix creates a non-uniform saturation distribution of invaded fluid phase during flowback, with the saturations mostly concentrated at the fracture face. With the advent of microfluidics, their application has become more feasible to visually analyze the effectiveness of surfactants to mitigate the invasion-created formation damage and understand the impact of depth of invasion on the characteristics of flowback and oil productivity. Through our previous work, we have successfully demonstrated the capability of this new visualization tool in studying the factors of the presence of surfactant in the fracture fluid and its depth of invasion, to understand the flowback efficiencies and later oil productivities in oil-wet fractured formations. Since the substrate for flooding was a proxy model of an actual rock, the chip flooding results need to be validated with conventional core flooding experiments. In contemporary times, when the new advancements in technology are driving the research progress in all industries, it is mandatory to take a well informed decision by imposing a comparative check on the results with accessible conventional means, wherever possible. The success of validation of chip flooding approach with the core flooding approach in this work instates a strong belief over the application of microfluidics to pursue more research in related fields of oil recovery.
Introduction
Hydraulic fracturing in horizontal wells improves the drainage area of production by creating high conductive passageway for hydrocarbon to flow from far-off regions into the wellbore. Almost 51% of US daily production is accounted to hydraulic fractured wells [1] and these production trends, in general, are predominantly dominated by fracture flow with the late-time production being supported by the matrix surrounding the fractures [2] . Due to the high injection pressures of operation, the leak-off of fracture fluids into the matrix can easily cause the constriction to the production of hydrocarbons. Moreover, these fluids could even lead to the swelling of clay particles found in the formation causing more formation damage if the flowback process is inefficient [3] .
Many methods of mitigation of the leak-off or invasion-induced formation damage have been proposed by researchers. High production rates reduce the capillary entrapment of invaded fluids due to capillary desaturation and hence improve the flowback volumes. But due to the operational constraints of the surface and downhole equipment, very high production rates cannot be achieved in the field. Shut-in operation has also been explored as a possible formation damage mitigation strategy. In water-wet rocks, it is observed that the water block formed by the invaded fracture fluid predominantly exists at the matrix-fracture interface due to the capillary discontinuity between the high-permeable fracture and low-permeable matrix space surrounding it [4] [5] . Bertoncello et al. (2014) [6] , Liang et al. (2015) [7] , Odumabo et al. (2014) [8] and Yan et al. (2015) [9] have shown that with sufficient duration of shut-in period the water-block would imbibe away from the fracture face due to capillary redistribution resulting in improvement of relative permeability to hydrocarbon. But very long shut-in times could affect the operator adversely as the expenditures increase due to the high day-rate services offered by the service companies. Moreover, spontaneous capillary redistribution phenomenon is prominently observed in water-wet rocks and not in oil-wet rocks [10] , thus raising concern over the practicality of shut-in strategies. In the case of gas reservoirs, evaporation of water block due to gas expansion has also been considered as another method of the removal of formation damage caused due to invasion [4] [5] , but the time-scale of expansion-driven evaporation is significantly longer than that of displacement-driven flowback mechanism. The application of surfactants to reduce the capillary entrapment of invaded fluid has been a plausible solution suggested by Liang et al. (2016) [11] and Kim et al. (2016) [12] , who demonstrated surfactant's effectiveness by conducting laboratory experiments.
Due to the dominance of high capillary pressures in fractured tight formations, the macro-scale flow dynamics are also influenced by the capillary pressure gradients acting across the fluids distributed within the formation. Longoria et al.
(2015) [13] have shown that such a factor of capillary gradient across the invaded and uninvaded regions of low permeability matrix impacts on the reduction of formation damage as well as the flowback volumes. Similarly, the exis-Open Journal of Yangtze Gas and Oil tence of high contrast in capillarity between the fracture and the matrix, aids the displacement of fracture and in-situ fluids during the production phase. Since most of the published research is concentrated on water-wet formations, the current work is catered to oil-wet fractured formations only. As discussed before, the practical strategy of mitigating the formation damage by improving the efficiency of flowback in an oil-wet formation is by using either a water-based or surfactant-based fracture fluid, rather than using shut-in procedures. Since the capillary gradient across the matrix and fracture is affected by the average invaded fluid saturation in the matrix, the invaded volume or the depth of invasion is a very crucial factor of investigation that has a direct impact on the flowback characteristics and the oil productivity from the fractured formation.
During recent times, new state-of-the-art microfluidics based tools are being used in the petroleum industry to understand the oil recovery mechanisms by visualizing the macro-scale and pore-scale fluid flow behavior in transparent microchips. Chip-scale displacement patterns, sweep efficiencies of secondary oil recovery methods using water-based fluids [14] - [19] and tertiary oil recovery methods using surfactant and polymer based fluids [20] - [29] are studied with ease using these new microfluidic based tools. He et al. (2017) [22] have incorporated this approach for the first time to understand the relation of flowback and invasion volumes but performed experiments with a constant rate of production, rather than using a more practical and industry-wide practice of constant pressure drop during production. Moreover, they have not considered the varying depths of invasion as another prominent factor that has a big role to play on both the lab-scale and field scale. In our previous work, Tangirala and Sheng (2018) [30] have presented microfluidic experimental results to show the impact of fracture fluid invasion on oil flow rates and flowback as a function of depth of invasion and the usage of surfactant, when invaded into an oil-wet porous space located adjacent to a fracture. It was observed that as the depth of invasion increases, the flowback efficiency decreases, irrespective of the presence of surfactant in the fracture fluid. Another important implication of that study is that for shallow invasions, the fracture fluid in the presence of surfactant does not mitigate the invasion-created formation damage better than that of the fluid without the surfactant. The applicability of these findings in the industry depends on the validity of the results in a more proven lab-scale procedure, i.e. using an actual core block and conducting the equivalent procedures in the domain of core flooding.
In the current work, we designed an experimental core flooding process with operating procedures similar to that used in Tangirala & Sheng (2018) [30] 
Methodology

Experimental Materials
Six Berea sandstone core samples named A to F are used for core flooding whose dimensions and pore characteristics are mentioned in Table 1 The contrast in the physical dimensions of the core and the microchip is depicted in Figure 1 as well as Table 1 below.
Besides the core holder, the other equipment used for the core flooding process is as per the requirements such as accumulators, back pressure regulator, quizix pumps and syringe pump. But for the microfluidic experiment, the chip is 
Experimental Setup & Procedure
Both of the core flooding and the chip flooding experiments are conducted at equivalent operating conditions, so that the results obtained from them are comparable. These operating conditions and the detailed procedures of operation are highlighted below.
Core Flooding Experimental Procedure
The schematic for the core flood experimental set up is shown in Figure 2 . Open Journal of Yangtze Gas and Oil The methodology of conducting the experiment is according to the following sequence:
• Initial saturation: The dry core is weighed, W d and vacuum saturated with soltrol oil (density, ρ o ) for 12 hrs in a pressurized core vessel. The weight of the oil saturated core is measured, W o . The porosity is hence obtained according to the Equation (1). The results are tabulated in Table 1 with the obtained porosities lying in the range of 17% ~ 19%.
• Wettability assessment: The wettability of the core is assessed by using the Table 2 . Based on the results from the wettability analysis, since the mean contact angles are above 120˚ with a reasonable standard deviation, it can be safely inferred that the wettability of the rocks for both the water and the surfactant fluids is oil-wet.
• Permeability assessment: The teflon wrapped core is placed inside the core holder along with a rubber sleeve. Confining pressure of 1500 psi is applied by pumping water from quizix pump-1. A back pressure of 900 psi is exerted on the core using a syringe pump so as to maintain a constant pressure drop of around 75 psi by pumping soltrol oil from another quizix pump-2. The stabilized steady-state flow rate of oil is measured by collecting downstream fluid from a measuring cylinder. The effective permeability of the core is hence calculated using the Darcy's equation and the obtained results are tabulated in Table 1 , with the range of permeability being 50 ~ 65 mD.
• Invasion: The forced invasion of fluid, either water or surfactant, is carried from the side B of the core holder at a constant pressure drop of 50 psi, pro-Open Journal of Yangtze Gas and Oil ducing rates of around 0.1 ~ 1.5 cm 3 /min. Since the invasion is moderately unstable displacement (viscosity ratio = 0.42), the rates are maintained, which are low to prevent any viscous fingering causing early-time breakthrough. The invading volume is varied for different cores so as to observe a trend across these varying conditions. At the end of the period of respective volume of invasion, the core is removed from the core holder and weighed again for its fluid invaded weight, W inv . The invasion efficiency, inv% is hence obtained which is given by Equation (2), where V p indicates the calculated pore volume.
• Flowback: Subsequent to the invasion process, the core is placed again inside of the core holder and the oil is pumped at a constant pressure drop of 300 
Chip Flooding Experimental Procedure
The schematic for the chip flood experimental set up is shown in Figure 3 . Subsequently, the valves at the inlet and the outlet of the chip are closed to The image thus attained is processed further to obtain the saturation of the invaded phase, S w1 .
• Flowback: Soltrol oil is reinjected into the chip, but from the opposite direction indicated by the green dashed arrows in Figure 3 
Results and Discussion
The experimental results for both the chip-flooding and core-flooding methods are tabulated in Table 3 and Table 4 respectively. The trends obtained from both of the methods are evaluated simultaneously to qualitatively validate the observations arising from the similar experimental procedures, as mentioned in the previous section. With reference to the previous results obtained for chip-flooding from Tangirala & Sheng (2018) [30] , the addition of surfactant to the fracture fluid shows a contrasting behavior to the fluid without the surfactant, at varying depths of invasion. These factors are hence dealt individually in the following section to better understand the effects of their variabilities. 
Effect of Depth of Invasion in the Absence of Surfactant
The processed microchip images, depicted in Figure 5 , after both the invasion and the flowback phases with water as the invading fluid, can be visually analyzed for saturation information i.e. S w1 and S w2 . But for core flooding experiments, such information is derived from the weight measurements due to the lack of availability of CT scanner with better resolving capabilities. As discussed in the previous section, the invasion and flowback efficiency for chip flooding experiment are derived from Equations (2) and (3), whereas for the core flooding experiment, they are derived from Equations (5) and (6). the mentioned parameters beforehand. Even though the invasion efficiency is a volumetric quantity, it can be fairly translated to the depth of invasion due to the low injection pressure application in both the methods preventing viscous fingering. Such an approximation could even be supported by the uniform sweeping pattern of invasion across the cross sectional area of the porous network of the chip visualized in Figure 5 .
From Figure 6 , it can be seen that both the processes of chip flooding and core flooding exhibit similar direct proportionality of relation of S w2 with invasion efficiency. It can be attributed to the increase in the capillary trapping of the invading fluid within the pores as a larger amount of fracture fluid is injected.
Such increase in the residual saturations of the fracture fluid results in a reduction in the relative permeability of oil which is reflected as formation damage and hence the later oil production rates could also be severely affected. This trend is clearly depicted in Figure 7 for both the processes of chip flooding and core flooding where a decreasing trend for Q o is observed as invasion efficiency is increased. Henceforth, these results could be interpreted to state that as the depth of invasion of the fracture fluid into the oil-wet matrix increases, the tendency for the reduction of formation damage due to flowback decreases.
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To better understand the characteristic of the flowback process, the invasion efficiency is cross plotted against flowback efficiency, as shown in Figure 8 . 
Effect of Depth of Invasion in the Presence of Surfactant
The processed microchip images after both the invasion and the flowback phases with surfactant as the invading fluid can be visualized in Figure 9 .
A non-ionic surfactant is added to the fracture fluid, due to its non-aggressive nature in changing the wettability of the chip and the core, as evidenced from 
Effect of Surfactant Addition to Fracture Fluid at Fixed Invasion Depth
The previous analyses highlight the influence of the invasion efficiencies or in- 
The values of X, Y, and Z for the selected fixed invasion efficiencies are shown in Figure 13 (a) and Figure 13 (Table 3 and Table 4 ) and hence reduces the residual saturation of invaded fluid trapped in the pore space better than the fluid without the surfactants. 
Conclusions
The microfluidic results published in the previous work [30] , indicate that irrespective of the presence of moderate IFT-reducing surfactant in the fracture fluid, an increment in the depth of invasion into the matrix has yielded a decrement in the later oil production rates and flowback efficiencies. Thus, the reduction of invasion-created formation damage during flowback is more difficult when the invasion is deeper. Moreover, the microfluidic results also indicate that moderate IFT-reducing surfactants are beneficial to reduce the formation damage only when the invasion is deep; and their formation damage is even higher than water when the invasion is shallow. These results were only obtained previously for the case of a chip which acted as a proxy for the physical subsurface rock. Hence, it could be safely said that the assessment of flowback and oil productivities for an oil-wet hydraulic fractured formation could be performed through chip flooding before core flooding and the results could be relied upon with equal confidence.
